A water-soluble N-alkyl semisynthetic derivative of natamycin was synthesized by the Michael addition reaction of the parent with an N-substituted malemide. A comparative study was carried out to investigate the effectiveness of the semisynthetic derivative and the parent antibiotic in suppressing mold growth on shredded Cheddar cheese stored in modi ed atmosphere packaging (MAP). The effects of 0-, 10-, and 20-ppm antimycotic treatments were examined. A 20-ppm natamycin treatment effectively suppressed visible mold growth (,10 4 CFU/g) in MAP samples for up to 30 days after packages were opened. The performance of the 20-ppm semisynthetic derivative was similar to that of the 10-ppm natamycin treatment. For these treatments, visible mold growth did not occur in MAP samples until 20 days after packages were opened. These results indicate that the semisynthetic derivative of natamycin is less effective than the parent compound in suppressing mold growth on shredded Cheddar cheese.
Natamycin and sorbates are the only approved antimycotic agents that can be used to prevent the growth of mold on cheese. The use of sorbates effectively retards the growth of mold on cheese, but common cheese spoilage organisms such as Aspergillus and Penicillium degrade sorbate through decarboxylation (9, 10, 12, 21) . The degradation of sorbate can be accompanied by the formation of trans-1,3-pentadiene, a volatile compound with an unpleasant hydrocarbon-like odor (6, (9) (10) (11) (12) 20) . Therefore, the dairy industry relies heavily on natamycin to prevent or retard the growth of mold on processed cheese. One of the greatest obstacles shredded cheese manufacturers face is product return due to mold growth (2) .
The effectiveness of natamycin in preventing or retarding surface mold growth is limited by its ability to be evenly distributed on the food surface and its stability in the food system. In its native form, natamycin exists as an extremely insoluble crystal (13) . Each crystal imparts a zone of inhibition that successfully prevents or retards the growth of mycotic organisms. The insoluble nature of natamycin can be bene cial when blocks or rinds of cheese are treated prior to ripening, since natamycin only marginally penetrates the surfaces of hard cheeses (,1 mm) (13) . The concentration of natamycin is not diminished through diffusion during ripening and can effectively retard surface mold growth. However, natamycin's application to block and rind cheese is expensive and inef cient and thus requires large excesses of natamycin.
Since natamycin exists as an insoluble crystal, for its application, cheese is typically dipped in or sprayed with a solution containing 200 to 300 ppm of the additive (1). Because of natamycin's relative insolubility in water (0.050 to 0.100 mg/ml), only 5 to 10 ppm of natamycin actually enters into true solution and is applied in a pro cient manner (17, 19) . A more soluble form of natamycin that can be evenly applied to shreds of cheese may make possible a treatment that is more effective than that involving natamycin in its insoluble form. However, a soluble natamycin will penetrate cheeses more deeply, and therefore its use may be limited to cheese shreds and slices. Concentrations of water-soluble natamycin on the surfaces of smalldiameter cheese shreds and thin cheese slices will likely be acceptable for the prevention of surface molding. Conversely, surface concentrations of a soluble natamycin on large block cheeses may be too small to prevent surface molding because of the large potential gradient these products exhibit.
The objective of this study was to evaluate the antimycotic action of natamycin and of a water-soluble (.30 mg/ml) semisynthetic derivative of natamycin at typical usage levels (0, 10, and 20 ppm [wt/wt]) on shredded cheese. Modi ed atmosphere packaging (MAP) and typical storage conditions were used. a MAP storage conditions included a gas composition of 75% nitrogen and 25% carbon dioxide and a storage temperature of 7 6 38C. Ambient storage conditions included an ambient gas composition and a storage temperature of 7 6 38C.
MATERIALS AND METHODS
Synthesis of semisynthetic natamycin derivative. A watersoluble N-alkyl semisynthetic derivative of natamycin (N-(39-Ndimethylaminopropylsuccimido) natamycin) was synthesized by the Michael addition reaction of the parent with an N-substituted malemide (N-(3-dimethylaminopropyl) malemide hydrochloride) with the use of a previously described procedure (23) .
Experimental design and statistical analysis.
A split-plot design involving ve application treatments with two variables, antimycotic agent and antimycotic concentration (Table 1) , was employed. Nested within these ve application treatments were 15 storage treatments ( Table 2 ). The experiment was repeated three times in a completely randomized block design. A leastsigni cant-difference analysis adjusted by the Tukey-Kramer procedure for treatment means was carried out. A signi cance level of P , 0.05 was established for the detection of statistical differences. Statistical analysis was performed with SAS software (Version 7.0, SAS Institute, Inc., Cary, N.C.) (18) .
Sample production. One-month aged Cheddar cheese (Alto Dairy, Black Creek, Wis.) was shredded with an electric shredder (Paxton Corp., Shelton, Conn.) in 2-kg batches. A 2% (wt/wt) Vitacel FL-600 cellulose mixture (40 g) (J. Rettenmaier USA, Schoolcraft, Mich.) was added to each of the ve application treatments, and the product was tumbled for 2 min in a 110-liter automated tumbler. During tumbling, 1% (wt/wt) water (20.4 g) was sprayed into the tumbler and onto the cheese. An appropriate concentration of natamycin (Aldrich, Milwaukee, Wis.) or the derivative was incorporated into the 1% water spray. Samples (66 g) from the 2-kg cheese batch were placed in barrier packaging bags typically used for shredded cheese (Cryovac Corp., Duncan, S.C.). Bags were subjected to MAP with the use of a proportional gas blender (Smith Equipment, Model 299-037F, Watertown, S.D.) and a vacuum-packaging machine (Koch, Model X-200, Kansas City, Mo.). The gas mixture was composed of 75% nitrogen and 25% carbon dioxide. Samples were stored at 7 6 38C in a walkin refrigerator (Model 1200, W. H. Porter Inc. Holland, MI). Three replications of this operation were carried out over a 3-day period.
Package integrity and gas sampling. During sample production, each package was examined for leakage by a chambered gas leak detector. Nitrogen and carbon dioxide concentrations in packages were checked with an oxygen/carbon dioxide analyzer (Model 6600, Illinois Instruments, Inc., Melrose Park, Ill.). Air samples were drawn with a hypodermic needle through a selfsealing rubber septum pasted on each package, and these samples were injected into the analyzer. Randomly selected bags were tested immediately after packaging and again after 15 and 30 days of MAP storage.
Microbiological sampling. Packages were opened and exposed to ambient atmospheric conditions after 0, 15, and 30 days of MAP storage. Opened packages were sampled after 0, 10, 20, 30, and 40 days of exposure to air. For each sampling bag, 33 g of shredded cheese was weighed and added to two-chamber lter stomacher bags (Fisher Scienti c, Pittsburgh, Pa.). Sterile sodium citrate (2%, wt/vol) diluent (99 ml) was added to the stomacher bag, and the sample was stomached (Model 400, Seward Medical, London, UK) for 1 min. Each sample was plated in duplicate on dichloran rose bengal agar (Oxoid Unipath, Ogensburg, N.Y.) supplemented with 0.1% chloramphenicol (Aldrich) (DRBC) (8) . DRBC plates were incubated at 228C for 5 days (7, 22) . Mold colonies were counted, calculated, and recorded.
RESULTS
Package integrity and gas analysis. For all replications, gas analysis of MAP sample bags showed no appreciable decrease in carbon dioxide or nitrogen. For the bags tested, oxygen concentrations rarely exceeded 1%. The oxygen concentration was 0.36 6 0.05% (95% con dence level) for the 99 sample bags tested. These results indicate that spoilage by visible mold growth in shredded cheese samples was not caused by leaker packages or improper MAP conditions. MAP storage condition analysis. Throughout the storage period, the in uence of atmospheric conditions on mold growth was examined. Results for samples that were stored in a modi ed atmosphere for 30 days and then in an ambient atmosphere for 10 days were statistically different from results for samples that were stored in a modi ed atmosphere for 0 and 15 days and then in an ambient atmosphere for 10 days. Additionally, differences between results for samples stored in a modi ed atmosphere for 0, 15, and 30 days and then in an ambient atmosphere for 20 days were found.
Mold enumeration. Each sample bag was visually inspected for mold growth prior to enumeration. The results of this visual inspection revealed that sparsely spotted mold growth occurred in most samples when mold counts reached 10 4 CFU/g. It was assumed that when mold counts exceeded 10 4 CFU/g, the product was unacceptable to the consumer. Figure 1 illustrates the effects of natamycin and natamycin derivative on the growth of mold on samples that were not packaged in a modi ed atmosphere but were exposed to ambient atmospheric conditions for 10, 20, 30, and 40 days. Mold counts for the 20-ppm natamycin and 20-ppm derivative treatments were 10 2 and 10 3 CFU/g, respectively, when samples were stored in modi ed atmospheres for 0 days and then in an ambient atmosphere for 20 days. Results for these treatments were signi cantly different from those for the control, 10-ppm natamycin, and 10-ppm derivative treatments, which resulted in heavy mold growth, with counts ranging from 10 4 to 10 5 CFU/g. For all modi ed-atmosphere treatments, visible mold growth occurred after 20 days of ambient-atmosphere storage.
The 10-ppm natamycin, 20-ppm natamycin, and 20-ppm natamycin derivative treatments effectively suppressed mold growth in samples stored in a modi ed atmosphere for 15 days and then in an ambient atmosphere for 20 days (Fig. 2) . Differences between results obtained for these treatments and those obtained for the control and 10-ppm derivative treatments were observed. For the control and 10-ppm derivative treatments, visible mold growth was observed on samples stored in a modi ed atmosphere for 15 days and then in an ambient atmosphere for 20 days. Figure  3 shows that the 10-and 20-ppm natamycin treatments were the most effective in suppressing mold growth on shredded cheese stored in a modi ed atmosphere for 30 days. Results for the natamycin treatments were signicantly different from those for both the 10-and the 20-ppm derivative treatments as well as those for the control treatment.
DISCUSSION
Natamycin was more effective than the derivative in retarding mold growth in 1-month aged shredded Cheddar cheese at every concentration and under all storage conditions. The application of 20 ppm of natamycin effectively retarded mold growth to ,10 4 CFU/g for samples stored under modi ed atmospheric conditions for 15 and 30 days and then under ambient atmospheric conditions for 30 days. On most cheese samples, visual mold growth occurred after mold counts exceeded 10 4 CFU/g. Although the results for the 20-ppm natamycin treatment were not statistically different from those for the 10-ppm natamycin treatment, these treatments were different with respect to the preven-tion of visible mold growth on the shreds. The 20-ppm natamycin treatment was the most effective treatment in preventing mold growth.
The 10-ppm natamycin treatment and the 20-ppm derivative treatment performed similarly. No statistical or comparative differences between these two treatments were found. Mold counts did not exceed 10 4 CFU/g for samples stored in a modi ed atmosphere for 0, 15, and 30 days and then in an ambient atmosphere for 20 days. For the control treatment and the 10-ppm derivative treatment, visible mold growth was observed on most samples after 20 days of ambient-atmosphere storage, and these treatments were noticeably ineffective in suppressing mold growth.
The decrease in biological activity produced by the Nalkyl derivative of natamycin is consistent with results obtained by previous researchers. N-alkyl derivatives of amphotericin B (developed by Schering-Plough Corp., Bloomeld, N.J.), which are structurally similar to the natamycin derivative, produced a decrease in biological activity for Candida spp. and other fungi according to the results of in vivo and in vitro evaluations (14) . Similar results involving the decreased biological activity for N-alkyl amphotericin B derivatives were independently con rmed by Czerwinski et al. (3, 4) .
The outgrowth of mold on shredded Cheddar cheese stored under MAP conditions for .15 days was much more extensive than that on samples stored under those conditions for ,15 days. This bloom in mold growth may have resulted from the degradation of natamycin and its derivative throughout storage. Natamycin has been reported to degrade during cheese ripening through multiple mechanisms, with the most prominent of these being photoinduced oxidation via triplet-triplet transfer with ribo avin molecules (5, 15, 16, 24) . Mold growth may have coincided with natamycin degradation but also may have occurred because the mycelia present on the cheese were sporulating in their growth stage. Natamycin or natamycin derivatives cannot be used to preserve poor-quality cheeses that are heavily contaminated with mold spores. Further research is required in order to better understand the relationship between the degradative properties of natamycin and cheese spoilage.
The development of water-soluble semisynthetic derivatives of natamycin should continue in order to ful ll processing requirements for cheese processors. Natamycin's timely application to cheese surfaces is currently limited by its poor water solubility. However, researchers must develop natamycin derivatives that exhibit similar biological activities in a cost-effective manner to justify the use of these derivatives by the dairy industry.
